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ABSTRACT

Remarkable progress has been made in developing high performance lithium-sulfur batteries, especially in the
development cathodes with high energy densities. In this view, the key points for the development of excellent
lithium-sulfur batteries cathodes are highlighted in the following areas: sulfur-containing nanotubes/nanofibers,
graphene-sulfur electrodes and porous carbon sulfur composites. In addition, the current challenges in this field for
practical applications of lithium-sulfur batteries are further discussed.
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INTRODUCTION

In the last decades, rechargeable lithium battensse become incredibly popular energy storagecesvior
applications in portable equipment, such as maftienes, notebook computers, and even electric leshidue to
their proven track record and decent battery perémce[1-4]. Rechargeable lithium batteries are idensd as the
key technology in the dissemination of electronibjh]. However, along with the continuous develagrh of
technology and progress of industry, lithium bagrstill face many challenges. Electronic deviees being
developed to be more portable, thinner, smalled, langer lasting. This trend has spurred intensearch into
developing electrodes which are thinner but thaeHdgher capacity densities.

Lithium-sulfur batteries are believed to be ongh# most promising energy storage systems for redeethicles
due to their high theoretical specific capaciti&675 mAh g-1) and energy density(2600 Wh kg-1)@Jlfur is
abundant, low-cost and environmentally friendly,isthmakes it extremely beneficial for high-energgnslity
devices.

However, compared with more common lithium-ion eaés, several critical problems hinder the widalesc
commercial use of lithium-sulfur systems. In afsnto overcome the above drawbacks, large quastibf
strategies have been explored, such as reseamlearodes, electrolytes, additives, binders, apédsators[7-9].

This short review article summarizes the recentaades in lithium-sulfur batteries of sulfur cathed&any
pioneering research studies have been conductlmbkointo combining sulfur with conductive matesauch as
nanotubes/nanofibers, graphene-sulfur electrodégarous carbon sulfur composites[10].

Sulfur-containing nanotubes/nanofibers

A wide variety of synthetic approaches for the rnaturing and the benefits obtained from the os#micturing
are introduced[11-12]. Scientist fabricated carbanofibers[13-15] and carbon nanotubes[16-20]agukt-sulfur
batteries[21]. To obtain high electronic condugyivand prevent dissolution of polysulfides into #lectrolytes, in
Han et al ‘s work, they designed and prepared mndtled carbon nanotubes ( MWCNTs ) by using thérma
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chemical vapor deposition, which was to be an iaeatiditive material for elemental sulfur activeatodes for
lithium-sulfur batteries[22]. Moreover, the voluregpansion of sulfur during cycle can be accommatiate the
flexible carbon nanotubes[23].

The sulfur/MWCNT composite was manufactured by Adinal, which acted as the cathode material for
lithium-sulfur batteries[24]. In order to investigathe extensively effect of sulfur/MWCNT, its sttural and
electrochemical properties were characterized Bbyo&tbwever, they found that was not trapped sthprig the
nanotubes and it dissolved quickly. As a conseqeiettte discharge capacity was measured to be lo80up
cycles[24]. Amazingly, S-coated-MWCNT ( sulfur-cedtmulti-walled carbon nanotubes composite matdwiel
recently been achieved by Yuan et al Derived frbairtstudies, S-coated-MWCNT should be an exceliesterial

as cathode[25]. Despite of those remarkable advanh&ved recently in S-coated-MWCNT performantstiil
faced some key challenges[24]. For example thegrobd a low initial capacity with only 650 mAh gahich is
unbelievable that sulfur was strictly coated on$heoated-MWCNTI[23].

To solve this problem, Zheng et al[26] had comethi@t a empty carbon nanofiber-encapsulated cattiode
effective trapping of polysulfide[27-28]. They alsdtempted to prove high specific capacity and veofud
electrochemical cycle of cells. They achieved thgty carbon nanofiber arrays by using anodic alumiroxide
( AAO ) templates, with the atmosphere of thermabonization of polystyrene[26]. The AAO not onlsepents
sulfur from coating onto the exterior carbon walt blso make sulfur infusion into the empty carlimerf The high
aspect ratio of the carbon nanofibers makes sgeod place for trapping polysulfide, as well as thia carbon
wall makes rapid transportation of lithium ions[2B]ore over, it reduced the mastication of eleatrataterials due
to volume expansion[26]. Figure 1 shows that theestatic of design and manufacture process of eicgtyon
nanofiber/sulfur composite structure[29].

(a)

(b)
Sulfur infusion AAOQ etching
Sulfur > >

Carbon coated

AAO template AAOQ Template

Fig. 1. Schematic of design and fabrication process of hollow carbon nanofiber/sulfur composite structure. (a) The design principle
showing the high aspect ratio of the hollow carbon nanofibersfor effective trapping of polysulfides, (b) thefabrication process of
carbon/sulfur cathode structure, and (c) digital cameraimages showing the contrast of the AAO template before and after carbon coating
and sulfur infusion. Reproduced from Ref. [30] with permission of American Chemical Society

Grapheneesulfur electrodes
Significant advances in graphene sheet-sulfur ($®&8re opening the door for cathode materialitbium-sulfur
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batteries. Nevertheless, it is not widely investigaas the host sulfur in the cathode because ashitet-like shape
and opening structure, which caused positive nalteto readily diffuse out[31-33]. Some researdmese showed
promising results. Zhou et al invented a sandwiwps which was designed with pure sulfur betweengraphene
membrances[34]. The graphene membrances enhaneadtéhand cycle performance of lithium-sulfur eags.
Moreover, the other coating separator providega@ngtbarrier layer to prevent the diffusion of mlifide to the
anode[35]. Similarly, X. Wang et al reported a stuwe that employs a reduced graphene oxide filtwéen the
cathode and the separator shows great potentiabfmacity too[36].

Differed from above, another effective derivatimatiapproach was to produce a precision manufagtuarstrict
sulfur when it provided perfect ionic and electmoonductivity. Wang et al preferred to enginegraphene-sulfur
composite material through a special method of pirappolyethylene glycol ( PEG ) coated submicramsulfur
particles with lightly oxidized graphene oxide sts§&7], which were decorated by carbon black
nanoparticles( Figure 2 )[38]. Rational design 8EG and graphene coating layers were significant to
accommodating volume expansion, coated sulfur palating discharge, trapping soluble polysulfideimediates
The graphene-sulfur composite showed that it isoajsing cathode material for lithium-sulfur batésr with high
energy density[38].

Graphene oxide Carbon GO/CB
(GO)suspension black (CB) suspension

\ —l— §o -\Qﬂ.-)’ Graphenecoe?tingto

render electrical
conductivity
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particles f;;p;:s?f‘;SUIfur sdliviilanen

Fig 2.Schematic of the synthesis stepsfor a graphene sulfur composite, with a proposed schematic structure of the composite

Porous carbon sulfur composites

Undoubtedly, plants use their stems and organismprotect cell walls as well as make channels fatew
uptake[39]. In fact, porous structures play an ingtt role in it. So some of them can b used toertakrd porous
materials[40]. Porous structures are commonly seerature, but they are expensive or hard to gdemads with

porosity, especially with hiererchical ordered ity ( Figure 3 ). Thanks to Stein et al[41-42], ltes published
articles emphasizing on how porous materials agmthesised for applications in lithium-sulfur baigs. It is

effective ways for synthesise of goal porous matenvith hard and soft templating.
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Figure5. SEM (a), TEM (b), discharge and charge curves (c), and cycling perfor mance (d) of carbon-sulfur composite [43]. Copyright
2013, Springer-Link

CONCLUSION

S-coated-MWCNT is shown to enhance the electriaaldactivity and structural stability of compositeer
improvement of PEG helps to stabilize the strucwkthe sulfur cathode during discharge. Hieraiichyore sizes
play a vital role in the electrolyte through a pascelectrode, which can be used as potential cathuaterials of
Li-S batteries. To obtain the more efficient lithitsulfur batteries, there are still a lot of chage in this field.

Acknowledgments
We acknowledge financial support from South Chinardxhl University Undergraduate Training Programs fo

Innovation and Entrepreneurship (129).

289



Peixiu Chen and Ming Li J. Chem. Pharm. Res,, 2015, 7(8):286-290

REFERENCES

[1] Winter, M. & Brodd, R.Chem. Rev. 104,4245- 4269 2004).

[2] Bruce, P. GSolid Sate lon. 179,752 760 2008).

[3] D. Marmorstein, T.H. Yu, K.A. Striebel, F.R. Marnon, J. Hou, E.J. Cairng, Power Sources 89 2000)
219-226.

[4] X.M. He, W.H. Pu, J.G. Ren, L. Wang, J.L. War@,Y. Jiang, C.R. WanElectrochim. Acta 52 007)
7372-7376.

[5] Xiulei Ji, Kyu Tae Lee and Linda F, Nazalature Material, vol 8 June2009.

[6] P.G. Bruce, L.J. Hardwick, K.M. Abraham, Litlitair and lithium—sulfur batterieRS Bull. 36 @011)
506-512.

[7] C. Barchasz, J.C. Leprétre, F. Alloin, S. PataliPower Sources 199 @012) 322—-330.

[8] Y.V. Mikhaylik, J.R. Akridge,J. Electrochem. Soc. 151 @004) A1969-A1976.

[9] M.K. Song, E.J. Cairns, Y.G. Zhanganoscale 5 (2013) 2186.

[10] Lin Chen, Leon L. Shawl., Power Sources,267 R014) 770e783.

[11] J. Guo, Y. Xu, C. Wand\ano Lett. 11 @011) 4288e4294.

[12] W. Ahn, K.-B. Kim, K.-N. Jung, K.-H. Shin, G- Jin,J. Power Sources 202 @012) 394e399.

[13] R. Elazari, G. Salitra, A. Garsuch, A. Pandteand D. Aurbachidv. Mater., 2011, 23, 5641-5644.

[14] G. Zheng, Y. Yang, J. J. Cha, S. S. Hong an@uf, Nano Lett., 2011, 11, 4462—4467.

[15] X. Li, Y. Cao, W. Qi, L. V. Saraf, J. Xiao, Nie, J. Mietek, J.-G. Zhang, B. Schwenzer andid, 1. Mater.
Chem., 2011, 21, 16603-16610.

[16] S. Doerfler, M. Hagen, H. Althues, J. Tueblg, Kaskel and M. J. HoffmanGhem. Commun., 2012, 48,
4097-4099.

[17] L. Yin, J. Wang, J. Yang and Y. Null, Mater. Chem., 2011, 21, 6807-6810.

[18] J. Guo, Y. Xu and C. Wandlano Lett., 2011, 11, 4288—4294.

[19] J.4. Chen, Q. Zhang, Y.-n. Shi, L.-Il. Qin, Qao, M.-s. Zheng and Q.-f. Dorighys. Chem. Chem. Phys., 2012,
14, 5376-5382.

[20] J. Guo, Y. Xu and C. Wanblano Lett., 2011, 11, 4288-4294.

[21] M. Rao, X. Song, H. Liao, E.J. Cairfidgectrochim. Acta 65 (2012) 228-233.

[22] S.-C. Han, M.-S. Song, H. Lee, H.-S. Kim, HAhn, J.-Y. Lee,). Electrochem. Soc.150 003) A889 - A893.
[23] Lixia. Yuan, H. Yuan, X. QiuJ. Power Sources 189 @009) 1141- 1146.

[24] W. Ahn, K.-B. Kim, K.-N. Jung, K.-H. Shin, G- Jin,J. Power Sources 202@012) 394- 399.

[25] L. Yuan, H. Yuan, X. Qiu, L. Chen, W. Zhil,,Power Sources 189 @009)1141- 1146.

[26] G. Zheng, Y. Yang, J.J. Cha, S.S. Hong, Y.,Glano Lett. 11 Q011) 4462- 4467.

[27 IN. Jayaprakash, J. Shen, S. S. Moganty, Aofarand L. A. ArcherAngew. Chem,, Int. Ed., 2011, 50,
5904-5908.

[28] C. Zhang, H. B. Wu, C. Yuan, Z. Guo and X.V.Lou, Angew. Chem., Int. Ed.,2012, 51, 9592—9595.

[29] H Wang, Y Yang, Y LiangNano Lett. 2011, 11, 2644—2647.

[30]S.-C. Han, M.-S. Song, H. Lee, H.-S. Kim, HAhn, J.-Y. Lee,). Electrochem. Soc. 150 £003) A889eA893.
[31] Aurbach, D.; Pollak, E.; Elazari, R.; Salitr@,; Kelley, C. S.; Affinito, JJ. Electrochem. Soc. 2009, 156,
A694-702.

[32] Mikhaylik, Y. V.; Akridge, J. RJ. Electrochem. Soc. 2004,151, A1969-1976.

[33] Ji, X.; Nazar, L. FJ. Mater. Chem. 2010, 20, 9821-9826.

[34] G. Zhou, S. Pei, L. Li, D.W.Wang, S. Wang,Huang, L.C. Yin, F. Li, H.M. Chend\dv. Mater. 26 (2014) 625-
631.

[35] L. Jing, K. Li, M. Li, J.Power Sources 252 @014) 101-112.

[36] X. Wang, Z. Wang, L. Che®d. Power Sources 242 @Q013) 65- 69.

[37] H. Wang, Y. Yang, Y. Liang, J.T. Robinson,LY, A. Jackson, Y. Cui, H. DaNano Lett. 11 Q011) 2644- 2647.
[38] Ji, X.; Lee, K. T.; Nazar, L. Rat. Mater. 2009, 8, 500-506.

[39] N.D. Petkovich, A. SteirChem. Soc. Rev. 42 013) 3721- 3739.

[40] Demir-Cakan R, Morcrette M, Nouar F, Davois@e Devic T, Gonbeau D, Dominko R, Serre C, Frey G,
Tarascon J MJ Am Chem Soc, 2011, 133: 16154.

[41] N.D. Petkovich, A. SteirChem. Soc. Rev. 42 (2013) 3721e3739.

[42] A. Vu, Y. Qian, A. SteinAdv. Funct. Mater. 2 (2012) 1056e1085.

[43] Zhang K, Zhao Q, Tao Z, ChdnNano Res, 2013, 6: 38

290



